Thermal and photo initiated release of tris(1-chloro-2-propyl) phosphate (TCPP) from different polyurethane foam materials were studied using a validated GC-MS method with a linear range of 0.34-680 g/ml. The release of TCPP from two foam types was reported and was found to follow first order kinetics with rate constants directly related to the ageing conditions and radiation intensity. Rate constants for TCPP release from UV radiated samples were found to be higher than those for thermally aged ones. Migration of TCPP from different foam sample types into the contacting body was also recorded and was found to get enhanced by thermal and UV ageing of the foam samples. The presence of biological fluids was also found to enhance the migration rate. Our results reveal that UV radiation significantly affects the weak interaction between TCPP and the polyurethane material which reflects the relatively high rate constant and larger uptake.
Introduction
Polybrominated diphenyl ethers were widely used as flame retardant (FR) with the main objective to delay the spread of fire. [1] [2] [3] [4] [5] [6] However, polybromoniated diphenyl ethers show a strong tendency to leach from their products. [4] [5] [6] Taking into account the environmental and health concerns, there is a need to propose more safe materials to replace polybromoniated diphenyl ethers as FR. Organophosphate FRs were proposed to replace the polybromoniated ethers. [7] Tris(1-chloro-2-propyl) phosphate (TCPP), figure 1, is one of such halogenated organophosphate flame retardants and is proposed to replace the pentabromodiphenyl ethers in polyurethane production. [6, 7] Polyurethane is the main frame structure of a broad range of products such as rigid and soft foams, elastomers and coatings. Flammability of polyurethane polymer is related to its open structure which allows oxygen to pass through. [8] Its fire resistance could be enhanced by using one of the two types of organophosphate FR: Tris(1-chloro-2-propyl) phosphate (TCPP) and tris(1,3-dichloro-2-propyl) phosphate (TDCP), both of them could delay the spread of fire by different mechanisms; creating radical blocks or preventing oxygen from reaching to the polymer. [8, 9] . [10] [11] [12] TCPP containing foam does not show any significant dripping and subsequent hole formation which appears during foam production in presence of TDCP. [13] It was reported that TCPP is more efficient in the early stage of combustion (TCPP acts by decreasing the heat released by foam in the first stage of combustion) whereas TDCP acts later (in fact part of TDCP is also efficient in the early stage of combustion). [11, 13] TCPP is a clear liquid flame retardant, partially water soluble and is a low volatile material with a partial pressure of 2.7x10 -3 Pa at 25 o C. [11] TCPP is used in the production of polyurethane as an additive flame retardant. Since it is not chemically bonded to polyurethane polymer, it can leach out from the foam product over time, the leached TCPP could be transferred to humans in contact following different routes:
spreading out with dust, inhalation or direct absorption through skin.
Recent concerns about the safety of TCPP have been raised as it was considered harmful to aquatic organism. [13] Moreover, it shows acute toxicity following oral, dermal or inhalation exposure. [12] Strong evidences for the presence of TCPP in indoor dust, outdoor environment, plants and wastewater were reported. [15] [16] [17] They prove that TCPP (like other organophosphates) has tendency to bioaccumulate and potentially cause a similar damage like that caused by polybrominated ethers. TCPP
shows also a potential tendency to elicit neurotoxocity and cytoxicity. [7, 18] Both temperature and UV radiation were found to have a strong effect on the TCPP-polyurethane interaction and it is believed that these factors affect the rate of release of TCPP from foam samples. [4] [5] [6] [19] [20] [21] Moreover, it is also believed that the presence of fluids accelerates the migration rate of TCPP from the foam material and consequently enhance its absorption by humans. [12, 13] In fact, little is known about the mechanisms of migration of TCPP from the foam samples or about the rate and mechanism of its release from the foam material. [21] In this paper, we continue our efforts to address the issue of the release of organophosphate flame retardants studying hereby the thermal and photo initiated release of TCPP from polyurethane foam samples as well as its leaching into biological fluids. [4] [5] [6] [19] [20] [21] Kinetic results of the thermal and photo-initiated release of TDCP organophosphate flame retardants from polyurethane foam materials was reported in another publication. [14] The main objective of this paper is to (1) study the rate of release of TCPP from foam samples, (2) study the effect of thermal and UV radiation on the rate of release and (3) 
Chromatographic system
The chromatographic system consists of Agilent (7890A) gas chromatograph coupled to an Agilent 5975C mass spectrophotometer operating in electron Ionization (EI) using a ZB1 capillary column (30 meter x 0.25 mm inner diameter X 0.25 m) with helium used as a carrier gas at a flow rate of 1 ml/min. Sample injection (1 l) was made manually in the pulse splitless mode, the injector temperature was set to 380 °C, the initial column temperature was held at 105°C for 1 min then ramped to 160 °C at a rate of 10 °C/min, then held constant for 1 min. The temperature was further increased to 185 °C at a rate of 25°C/min, then to 230 °C at 10 °C/min and held there constant for 3 min. For the mass spectrophotometer, the ionization (EI) parameter were selected to be 70 eV, the ion source temperature was 280 °C and the quadrupole 
Sample extraction and analysis
TCPP was extracted from the foam samples (around 1 g) using the Soxhlet extraction method; the weight of the foam was recorded before and after extraction.
The samples were extracted for 8 hours under reflux conditions. The internal standard solution (0.2 mg/ml of trioctyl phosphate in toluene or hexane) was used for the extraction. Validation of the analytical and extraction methods was described in earlier work. [4] [5] [6] 
Kinetic measurements
The kinetic measurements were carried out by monitoring the recovered percentage of TCPP from foam samples versus the period of ageing at different temperatures. The concentration of the released TCPP was measured using GC/MS.
The rate constant of the release process was obtained by non-linear least-square fitting of the concentration-time data to equation 1:
where A t and A 0 are the concentrations of TCPP at time t and time zero, respectively, and k is the rate constant of the release process. In fact, the data were tested applying different kinetic models, but it was found that the concentration changes exponentially with time and that the data can be fitted according to equation 1 which is typical for first order reactions. Attempts to fit the data to a different kinetic model have failed.
The influence of temperature on the rate constant of the release process was also studied The obtained rate constants (k obs ) were fitted to the Eyring equation
where k obs is the experimentally observed rate constant of the release process at absolute temperature (T). R, k B and h represent the general gas constant, the Boltzmann constant and the Planck's constant, respectively.
Thermal ageing and photolytic ageing
Foam samples containing TCPP were subjected to thermal and photolytic ageing tests. Details of both tests were published earlier. [4] [5] [6] Samples were thermally and photolytically exposed for a whole period of 60 days.
Samples were taken for the kinetic study at regular intervals depending on the ageing conditions.
Migration into biological fluids
Simulation of dermal and oral exposure to FR related to repeated sucking of upholstery furniture was studied using the contact-blotting extraction method and the head-over-heels method. Details of both methods and validation procedures were published elsewhere. [4] [5] [6] Since migration of TCPP from the foam material into humans could be accelerated by the presence of biological fluids, both skin and oral exposure to FR were studied under the effect of different artificial biological fluids: water, artificial saliva, artificial perspiration fluid and 5% citric acid (chosen to simulate acid food or beverages, orange juice). The details of the preparation of these artificial biological fluids were also published previously. [4] [5] [6] Results and Discussion
Validation and evaluation of analytical methods
With the purpose of studying the kinetics of the release of TCPP from foam material, an analytical method was developed and validated to extract and analyse TCPP from foam material under different conditions. Figure 2 shows a typical chromatogram of the extracted solution of TCPP in the presence of internal standard with TCPP appearing at 5.4 min and the internal standard appearing at 9.6 min (i.e., mass spectroscopy was used to identify both species). The ratio of the area under the TCPP peak compared to the area under peak of the internal standard was used to quantify the TCPP concentration. 
Kinetics of thermal and photolytic release
In order to study the kinetics of the thermal and photolytic release of TCPP from foam materials, samples of both foam types, CM Ether and CMHR, were exposed to thermal and UV light radiation at 340 nm for varied periods of time. Concentration-time data were used to determine the observed rate constants of the segregation process and the total content of TCPP in foam samples was found to significantly decrease with time under ageing conditions.
Thermally Aged samples
The recovery percentages of TCPP from both foam samples are summarised in Table 3 . Table 3 shows also the results of the total recovery of TCPP from foam samples and 71.7% of TCPP had been lost or converted, respectively, due to photo radiation.
UV Radiation Exposure

Kinetic measurements
Rate constants for the release of TCPP from samples thermally aged at different temperatures or UV irradiated are reported in table 4 and graphically represented in The above results support the fact that TCPP is not covalently bound to the polyurethane polymer, the reason why it can easily leach from the foam samples. In fact, a similar behaviour was also observed for other flame retardants. [4] [5] [6] 15] Finally, the time dependent release of TCPP from both foam samples due to exposure to UV radiation was also found to follow first order kinetics with observed rate constants equal to (1.72 ± 0.03)x10 -2 and (1.57 ± 0.08)x10 -2 day -1 for CM Ether and CMHR foam samples, respectively. The release of TCPP from CM Ether seems to be faster than from the CMHR samples.
Leaching of TCPP from foam samples into Biological Fluids
The obtained thermodynamic parameters support the fact that the intermolecular forces between TCPP and foam material is not that strong (TCPP is an additive material and it is not chemically bonded to polyurethane). Therefore, TCPP could leach out from the foam material into the environment in contact. Since TCPP is used in upholstery furniture, it's leaching out from the foam material results in its transfer into the human body in contact which could seriously affect the human health. In our last works, [4] [5] [6] two scenarios were proposed for the absorption of flame retardants by the human body: (i) TCPP could be absorbed directly from the foam material through skin.
(ii) Oral exposure is the second proposed route for the absorption of TCPP by humans;
it is related to repeat sucking of the foam material. The above two scenarios could be simulated through the contact-blotting method and the head-over heels method. [4] [5] [6] The presence of biological fluids was reported to accelerate the release of other flame retardants from foam material [4] [5] [6] and could, therefore, increase the risk of its absorption by human body. Simulation of the absorption routes of TCPP by humans (direct contact and oral exposure) through head-over-heels and contact blotting tests was investigated in the presence of artificial biological fluids. The fluids investigated in this work were water, artificial saliva, artificial perspiration and 5% citric acid (chosen to simulate acid food or beverages, orange juice). Migration of TCPP into these biological fluids was studied for un-aged, thermally aged and UV aged samples.
The amount of TCPP extracted in the head-over-heels test simulating oral exposure to TCPP in foam material has been determined using validated methods.
The results for un-aged, thermally aged and UV aged samples are graphically 
Conclusions
The kinetics of the release of TCPP from two types of foam materials with different TCPP concentrations was studied. Leaching of TCPP from the foam materials over time was found to be directly dependent on the ageing conditions and the type of foam material. This loss accounts for 1.1%, 2.3% and 3.5 % of the original foam mass, respectively.
Photolytic ageing using UVA radiation was also found to affect the molecular interaction of TCPP and polyurethane and to increase therefore the rate of TCPP leaching. UV exposure of foam samples results in a loss of 6.0% and 3.73% of the original foam mass for CM Ether and CMHR, respectively, compared with a recorded weight loss of 9.6% and 4.8% for CM Ether and CMHR, respectively.
Both thermal and photo segregation processes of TCPP were found to follow first order kinetics with rate constants significantly dependent on the ageing temperature. The rate constants for photo segregation were higher than those for thermal segregation. UV irradiation was also found to accelerate the uptake yields in the contact-blotting test compared to the thermally aged samples. However, for the head-over-heels test, thermal ageing showed a larger effect compared to UV exposure.
From all of the above we conclude that UV irradiation significantly affects the weak interaction between TCPP and the polyurethane material which explains the relatively high rate constant of leaching and the larger uptake. On the other hand it is important to highlight that different concentrations of TCPP used in different foam types, CM Ether and CMHR, has also its impact on the release yields. Of course, this is also related to the distribution of TCPP in the frame structure of the polyurethane material.
